Origins of atmospheric polycyclic aromatic hydrocarbons (PAHs) in total suspended particulate (TSP) and particulate matter below 10 micrometers in diameter (PM10) collected in the urban areas of Urumchi and Zhengzhou, China, are discussed on the basis of carbon isotopic compositions of individual compounds. Carbon isotope ratios were measured with the system of GC-C-IRMS with an error (1σ) of less than 0.6‰. δ 13 C values of atmospheric PAHs in Urumchi range from -23.6‰ to -32.1‰ and from -22.5‰ to -31.0‰ in Zhengzhou. δ 13 C values of low-weight molecules (pyrene, fluoranthene, benzo[e]pyrene etc.) in PAHs from the two cities are concordant, and range from -23.0‰~-25.8‰. However, the high-weight individual compounds of atmospheric PAHs in Urumchi are more depleted in 13 C with increasing molecular weight of PAHs than those in Zhengzhou. δ 13 C mean values of benzo[a]pyrene, indeno(1,2,3-cd)pyrene and benzo(ghi)perylene in Urumchi are -28.3‰, -31.5‰ and -29.7‰, respectively. The values of those three compounds in Zhengzhou, however, are -24.5‰, -29.4‰ and -26.3‰, respectively. Our data, incorporated with the analysis of the consumption of coal and amount of motor vehicles, indicate that PAHs are mainly contributed by coal combustion in the two cities, and the contribution of automobile exhaust to PAHs in Zhengzhou is larger than that in Urumchi during the sampling period.
ments (Mazeas and Budzinski, 2001) . Recently, this technique has been successfully applied to PAHs extracted from combustion source materials, such as soot from biomass and coal burning (Ballentine et al., 1996; McRae et al., 1999) , vehicle exhaust (O'Malley et al., 1994; Okuda et al., 2002b Okuda et al., , 2003 , and aerosols (Norman et al., 1999; Okuda et al., 2000 Okuda et al., , 2002a . Okuda et al. (2002a) reported carbon isotopic compositions of PAHs in Beijing, Chongqing and Hangzhou, China and suggested that automotive exhausts significantly affect PAH loading to Beijing air and coal combustion is the main cause of PAH existence in Chongqing and Hangzhou air.
In this paper, we present carbon isotopic compositions of individual PAHs in TSP and PM10 from Urumchi and Zhengzhou to trace sources of atmospheric PAHs.
INTRODUCTION
Atmospheric PAHs are planar compounds and potent toxins and genotoxins (Fent and Batscher, 2000) . PAHs are detected in a variety of environmental samples, such as airborne particles (Kumata et al., 2000) , polar ice (Kawamura et al., 1994) , and sediments (Laflamme and Hites, 1978) . Source apportionment studies of PAHs in the environment mostly relied on molecular fingerprint recognition (Daisey et al., 1986) . Nevertheless, processes affecting PAHs in the environment (evaporation, dissolution, photooxidation, biodegradation etc.) could be responsible for some alteration of initial PAHs molecular profiles due to preferential compound losses or degradation (Budzinski et al., 1998) . Source identification of hydrocarbons in the environment, using molecular profiles, is likely, in the case of weathered samples, to be inconclusive or ambiguous.
Compound-specific isotope analysis (CSIA) is a technique that provides complementary constraints for elucidating inputs of anthropogenic PAHs to aquatic environ-and Latitude (North) is between 42°45′32″and 44°08′00″. The altitude gradually lowers from southeast to northwest. The major energy consumption is coal, which account for more than 70% of the primary energy consumption of Urumchi. The annual coal consumption is 78 × 10 5 tons in 2002. Industries of high coal consumption include coal power, heating, petroleum processing, metallurgical industry, textile industry and so on. The vehicle population of Urumchi was 14 × 10 4 in 2002. Zhengzhou, is the capital of Henan Province. Longitude (East) is between 112°42′ and 114°14′, and Latitude (North) is between 34°16′ and 34°58′ (Fig. 1 ). It is a major railroad center as it is located in the intersections of the Long-hai railroad (east-west) and the Jing-guang railroad (north-south) while the junction of the National Highways No. 107 and 310. The city's staple industry is textiles. Others manufactures include: tractors, locomotives, cigarettes, fertilizer, processed meats, agricultural machinery, and electrical equipment. The annual coal consumption is 41 × 10 5 tons in 2002. The vehicle population of Zhengzhou was 26 × 10 4 in 2002. According to the national standard GB/T15432-1995 (Ambient air-Determination of Total Suspended Particulates-Gravimetric Method) and GB6921-86 (Air quality-Determination of the Concentration of Airborne Particulate Matters with the Aerodynamic Diameter Less Than 10 µm), TSP and PM10 were collected with the TSP and PM10 impactor of middle-volume air sampler (WuHanTH-150C) through quartz fiber filters (Pallected 2500QAT-UP, ø = 90 mm) which was preheated at 550°C for 6 h. Flow rate was 100 L min -1 , and checked at the start and end of the sampling period. The individual sampling time was 24 hours while keeping the height of the sampling heads was at least 1.5 meters over the ground surface. The individual TSP/PM10 samples for every location in the sampling period were amalgamated as one for analysis. The sampling date and location are shown in Fig. 1 and Table 1 . It should be noted that November in Zhengzhou and April and July in Urumchi were nonheating season.
Exhaust of different vehicles, both diesel and gasoline, was sampled by the Vehicles Carrying Samplers with impactor, which is devised by State Key Laboratory of Urban Ambient Air Particulate Matter Pollution Prevention and Control, P. R. China in 2001. Particulate matters generated under different working conditions were collected. The soot of coal combustion for industrial and domestic uses was collected with the Flue Gas Diluting Sampler that was devised by State Key Laboratory of Environmental Protection. The sampling time was determined according to adequate quantity of PAHs to meet the detection limit of gas chromatography/mass spectrometry (GC-MS) and gas chromatography/combustion/isotope ratio mass spectrometry (GC-C-IRMSM).
It has been well known that predominant sources for atmospheric PAHs in China are vehicle exhaust and coal combustion (Zhu et al., 1998; Peng et al., 2000; Li et al., 2004; Wang et al., 2005; He et al., 2005) . As capital cities, Zhengzhou and Urumchi prohibit and limit the wood combustion in the open spaces. Considering these facts, the vehicle exhaust and coal combustion would be the most important sources of atmospheric PAHs for these two cities in this research.
Sample preparation
The samples of airborne particulates were traditionally extracted by Soxhlet extraction for 20 h with dichloromethane solvent that was distillated. The solvent volume was reduced by rotary evaporation at pressure of 0.08-0.09 MPa and temperature of 40°C. The silica gel was previously activated at 240°C for 2 h. A silica gelcolumn was used for separating the compound groups. The saturated aliphatics were eluted with 40 ml of hexane, the unsaturated aliphatic fraction was eluted with 30 ml of 1:9 dichloromethane/hexane mixture, the PAH fraction was collected with 30 ml of 2:8 dichloromethane/ hexane mixture, and the remaining polar components were eluted with 30 ml of dichloromethane. The volume of PAH fraction solution was reduced by rotary evaporation at 0.02-0.03 MPa and 50°C. Then the PAH fraction was evaporated to 1 ml in nitrogen atmosphere at room temperature.
Considering the toxicities and their role in identifying the origin of atmospheric PAHs, target compounds were identified as phenanthrene, fluoranthene, benzo [a] The compounds of PAHs were identified with Hewelett-Packard 5890 gas chromatography interfaced to Hewelett-Packard 5972 MSD quadrupole mass spectrometry (GC-MS) produced by Agilent, USA. The GC was equipped with a HP-1MS fused silica capillary column (60 m length, 0.32 mm i.d., and 0.25 µm film thickness) and a split-splitless injector. Helium was employed as carrier gas with a 1.0 ml min -1 flow rate. The injection volume of specimen was 1 µl. All injections were done in the split mode with the split ratio as 30:1. Temperature in the column chamber was is elevated at rate of 3°C min -1 from 50 to 220°C and at 2°C min -1 from 220 to 330°C, and then held isothermally for 15 min. The MS was operated in the electron impact mode with energy of 70 eV. All compounds were identified by comparison with authentic standards from American National Standards Institute (ANSI).
Carbon isotopic compositions of individual molecular compounds of PAHs were measured with a GC-C-IRMS system. The system consisted of a HP5890 gas chromatograph, a combustion furnace (maintained at 940°C) and a Finnigan delta S mass spectrometer controlled by Isodat 5.2 software. The instrument is equipped with a column of HP-1MS fused silica capillary column (60 m length, 0.32 mm i.d., and 0.25 µm film thickness), which was programmatically heated at rate of 20°C min -1 from 35°C to 130°C, at 3°C min -1 from 130 to 220°C, and at 4°C min -1 from 130 to 315°C, and held for 15 min then. The flow rate of carrier gas (He) was 1.0 ml min -1 . All injections were done in the split less mode and the injection volume was 1 µl. The individual molecular compounds of PAHs were combusted after separation through the column, and then carbon isotopic ratios of the individual molecular compounds were determined by IRMS. The carbon dioxide with a known isotopic ratio and a mixture of PAHs with the given compositions were used as the external standards to calibrate the instrument. The carbon isotope compositions are presented in δ-no- tation with units of parts per mil relative to PDB, and with a standard deviation of less than 0.6‰. Duplicate analyses were made for each sample and the mean values were used for date analysis. The δ 13 C values of individual PAHs in the environmental samples were obtained from two repeated analyses and the results were expressed using the mean values of the two repeated measurement consequences. It is reported that isotopic fraction occurred in the process is neglect (Mazeas et al., 2001; Okuda et al., 2000) . A representative GC/C/IRMS chromatogram is shown in Fig. 2 .
RESULTS AND DISCUSSION
Stable carbon isotopic compositions of PAHs in source δ 13 C values of PAHs from coal combustion in power plant are similar to those of domestic coal combustion, ranging from -22.0‰ to -31.2‰, and PAHs deplete in 13 C with the increase of molecular weight (Table 2) . McRae et al. (1996 McRae et al. ( , 1998 McRae et al. ( , 1999 reported that δ 13 C values of PAHs obtained from coal combustion particles ranged from -25‰ to -31‰, and decreased with increasing molecular weight. The δ 13 C values of PAHs from gasoline combustion are concordant with those from diesel combustion, ranging from -21.8‰ -23.0‰ and -20.6‰ -23.8‰, respectively (Table 3 ). The PAHs become more enriched in 13 C with the increase of molecular weight, which is consistent with that δ 13 C of PAHs from gasoline-vehicle exhaust increases with increasing PAH molecular weight (Okuda et al., 2002a) . There was no distinct difference between the δ 13 C values of PAHs from gasoline combustion and diesel combustion. The δ 13 C values of 3, 4 ring PAHs from vehicle exhaust are similar, whereas those of coal combustion soot with 5, 6 ring PAHs is obviously different. Therefore, the sources of benzo (a)pyrene, indeno (1,2,3-cd)pyrene and benzo(ghi)perylene from vehicle exhaust and coal combustion soot can be traced by means of carbon isotopic compositions of individual compounds. In former research, it is expected that δ 13 C of coronene and likey benzo(ghi)perilene in air will be isotopically heavy when the dominant source of atmospheric PAHs is automotive exhaust (Okuda et al., 2002a) .
Systematic examinations conducted by McRae et al. (1999) for coal conversion processes have revealed that the carbon isotopic values of PAHs are controlled by the extent of ring growth required to form the PAHs during processing. For relatively mild conversion processes (e.g., low and high temperature carbonisation, domestic combustion, etc.), the carbon isotopic signatures of PAHs are simply similar to those of parent coals. For highly efficient combustion and gasification processes, the carbon isotope ratios of PAHs are less negative than the parent coals. When PAHs are released as primary devolatisation products with relatively minimal structural alteration, little isotopic fractionation occurs. However, when PAHs result from ring growth, the smaller hydrocarbons of 2 and/or 3 rings in the primary volatiles must undergo a series of complex transformations involving carbon-carbon bond formation, cyclization and/or ring fusion. In one or all of these processes, 12 C will be preferentially incorporated into the PAH where a kinetic isotope effect is operative (Sun et al., 2003) .
One process to generate PAHs is thermal cracking of organic molecules in the fuel and this process may cause a kinetic isotopic fractionation which makes preferential cleavage of 12 C-12 C bond over 13 C-12 C bond. Considering that every PAH can be generated from organic molecules in the fuel by only a one-step reaction, which is the cleavage of the bond between the fuel molecules and PAHs (Okuda et al., 2003) , the different isotopic trend of PAHs in vehicle exhaust and coal combustion may be attributed to the different carbon isotope compositions of PAHs in fuel.
Molecular profiles and stable carbon isotopic compositions of PAHs in airborne particulate
Figures 3 and 4 show PAH molecular profiles determined for Zhengzhou and Urumchi. The molecular compositions of PAHs are quite characteristic for the two cities. The different molecular compositions of the two cities can be explained by temperature-dependent gas/particle partitioning (Yamasaki et al., 1982) . And these characteristics are different from those reported by Okuda et al. (2002a) (Fig. 4) . This can be explained for that carbon isotopic signatures of PAHs are expected to have source and/or combustion field-specific values and patterns mainly, whereas molecular compositions of PAHs depend on diverse kinds of factors such as source material, burning temperature, air/fuel ratio, and environmental change during transportation (Okuda et al., 2002a) . δ 13 C values of atmospheric PAHs ranged from -22.5‰ to -31.0‰ in Zhengzhou, and from -23.6‰ to -32.1‰ in Urumchi (Table 4 ). The stable carbon isotopic compositions of PAHs from both TSP and PM10 in different sampling sites are similar in the same city (Table 4) . Because most PAHs were found to be absorbed on the particles with aerodynamic diameters less than 10 µm (Zhou et al., 2005; Chandra et al., 1999) . The carbon isotopic ratios of individual compounds of PAHs in Urumchi are more negative than those of compounds with the same molecular weight in Zhengzhou (Table 4 ). There is no significant isotopic fractionation among the low molecular weight PAHs, such as phenanthrene (Phe), fluoranthene (Flu), pyrene (Pyr) and benzo [e]pyrene (BeP), of which δ 13 C mean values range from -23.0‰ to -25.8‰, while the significant isotopic fractionation was found among the PAHs of high molecular weight. The (Behymer and Hites, 1988; Ohkouchi et al., 1999) , one possible process for carbon isotopic enrichment of BeP and BaP is photolysis during their transportation from emission source, which may result in the difference isotopic composition of the two PAHs in Zhengzhou and Urumchi.
Sources of atmospheric PAHs
δ 13 C values of PAHs from vehicle exhaust and soot of coal burning were analyzed (Tables 2 and 3 ). δ 13 C values of PAHs from vehicle exhausts show a clear trend of 13 C enrichment with increasing PAH molecular weight, with a range from -21.8‰ to -23.8‰. δ 13 C values of PAHs from coal burning vary from -22.0‰ to -31.2‰; δ 13 C values of 3, 4-ring PAHs were similar to those of the parent coal (ca. -25‰, cf., -23.5‰, Sun et al., 2003) ; and δ 13 C values of 5,6-ring PAHs more depleted in 13 C. The δ 13 C values of atmospheric PAHs in Zhengzhou become larger than those in Urumchi with increasing molecular weight, which indicates that the influence of automobile exhaust to the atmospheric PAHs was more severe in Zhengzhou than in Urumchi. This may be supported by the monitoring report of 2002 that annual average of at- 5 tons). Our data, combined with the analysis of the consumption of coal and amount of motor vehicles, indicate that PAHs are mainly derived from coal combustion in the two cities in non-heating season, and the contribution of automobile exhausts to PAHs is larger in Zhengzhou than in Urumchi. Figure 3 shows PAH molecular profiles for the two cities. The relative concentration of BeP was higher than other compounds in Zhengzhou, whereas Ind and BghiP are higher than others in Urumchi. The BaP was lower in the two cities. Additionally, BaP is more photosensitive than BeP (Behymer and Hites, 1988; Ohkouchi et al., 1999) . Therefore, it is difficult to mark BaP's source using the molecular profiles. Some studies report that the ratios of BghiP/Ind tend to be higher in vehicle exhaust (Daisey et al., 1986) . This ratio in Zhengzhou was higher than in Urumchi, and showed that contribution of automobile exhaust to PAHs is heavier in Zhengzhou than in Urumchi. This observation of molecular compositions is consistent with the carbon isotopic signature mentioned above.
For comparison, δ 13 C values of atmospheric PAHs in Beijing, Chongqing and Hangzhou (Okuda et al., 2002a) are listed in Table 5 . Atmospheric PAHs from Beijing become more enriched in 13 C with the increasing PAHs molecular weight, which is similar to those obtained from Beijing, Chongqing, Hangzhou, Urumchi and Zhengzhou, China (‰, vPDB) lecular weight.
During the sampling period, PAHs were controlled by coal combustion in two cities, and the contribution of automobile exhaust to PAHs in Zhengzhou is larger than that in Urumchi. The contributions of automobile exhaust to the atmospheric PAHs among five Chinese cities are, in descending order, Beijing, Chongqing and Hangzhou, Zhenzhou, Urumchi. The significant differences between stable carbon isotopic composition of benzo[a]pyrene, indeno[1,2,3-cd]pyrene and those of benzo[ghi]perylene in coal combustion and gasoline-vehicle exhausts show that the isotopic compositions of these three compounds can provide important information on pollution sources. However, more work should be done in the future to find more sensitive tracers for the source apportionment.
automobile exhaust and indicates that the main PAHs source in Beijing was automotive exhaust. On the other hand, atmospheric PAHs from both Chongqing and Hangzhou become more depleted in 13 C with the increasing molecular weight, which is similar to those obtained from coal combustion and indicates that the atmospheric PAHs in Chongqing and Hangzhou appeared to be mainly contributed by coal combustion (Okuda et al., 2002a) .
The data in Table 5 show clearly that the δ 13 C values of low molecular weight PAHs are similar among the five cities, whereas those are significantly different for indeno [1,2,3-cd] pyrene and benzo [ghi] perylene. The δ 13 C values of indeno[1,2,3-cd]pyrene and benzo [ghi] perylene in Zhengzhou and Urumchi are more depleted in 13 C than in Beijing, Chongqing and Hangzhou, which indicate that the contribution of coal combustion to the atmospheric PAHs in Zhengzhou and Urumchi were higher than that in Beijing, Chongqing and Hangzhou and the contribution of automobile exhaust to the atmospheric PAHs in Beijing, Chongqing and Hangzhou were larger than that those in Zhengzhou and Urumchi. The contributions of automobile exhaust to the atmospheric PAHs among five cities are, in descending order, Beijing, Chongqing and Hangzhou, Zhenzhou, Urumchi.
CONCLUSION
Stable carbon isotopic compositions of atmospheric PAHs range from -23.6‰ to -32.1‰ in Urumchi, and from -22.5‰ to -31.0‰ in Zhengzhou. δ 13 C values of PAHs in TSP are similar to those of PM10 in the urban areas of the two cities. δ 13 C values of lower molecular weight compounds in airborne particulate are similar in two cities, but carbon isotopic ratios of higher molecular-weight PAHs are significantly different in the two cities. δ 13 C values in Urumchi become more depleted in 13 C than those in Zhengzhou with the increasing PAHs mo-
